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ABSTRACT

Tests are reported in which air incidence angle was
varied to a cascade of 20 blades, 5 inches in chord with
aspect ratio of 2.0 and solidity of 1.67. Preliminary
blade element performance data were obtained using pneu-
matic probe surveys and surface pressures were also measureed.
Results of preparatory tests of a similar cascade of 15
C~series blades at a solidity of 1.28 are also included.
Whereas the flow in the C-series blading cascade was always
acceptable, the flow in the DCA blading cascade was not
acceptable at negative incidence angles. A modification
of the cascade inlet guide vanes is recommended which will"
guarantee periodic conditions and serve to generate more

nearly uniform inlet flow at all test conditions.
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LIST OF SYMBOLS

Axial Velocity--Density Ratio

Coefficient of pressure at the inlet (III1.D.4)
Coefficient of pressure at the outlet (III.D.4)
Coefficient of static pressure rise (III.D.3)

Coefficient of force in the x direction based c¢n
blade surface pressure integration

Coefficient of force in the y direction based on
blade surface pressure integration

Coefficient of force in the x direction based on
momentum conservation

Coefficient of force in the y direction based on
momentum conservation

Blade chord (inches)

Diffusion factor (III.D.2)
Incidence angle (degrees)
Pressure (in HZO)

Dyanamic Pressure (in HZO)

Blade~to-blade spacing (inches)
Temperature (°R)

Velocity (ft/sec)

Relative velocity {ft/sec)

Velocity, non-dimensionalized by the "limiting"
velocity, V., = v2 Cp 'I‘t

T
Coordinate in the blade-to-blade direction (inches)
Coordinate in the axial direction (inches)

Coordinate in the spanwise direction (inches)
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3 Air angle, measured in the blade-to-blade plane
(degrees)

Y Stagger angle (degrees)

3 Deviation angle (degrees)

9 Solidity (C/S)

? Pitch angle (of air flow), measured in the

spanwise, blade-to-bladeplane

Blade camber angle (degrees)

1

Loss coefficient (III.D.1)

e

Subscripts
i Refers to traversing plane; i = 1 for inlet,
i = 2 for outlet _
P Pressure i
plen Plenum (supply)
] Static
t Total
u In the blade-to~blade (x) direction
w2 North wall, lower plane
1 Inlet plane

2 Outlet plane %
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I. INTRODUCTION

Cascade tests provide two-dimensiconal blade-~element per-
formance data which are required in the design of compressors
and turbines. Reference 1 describes how cascade measurements
are obtained and then used in the design process. The
importance of obtaining uniform inlet flow, periodic outlet
flow and two-dimensional flow conditions in the cascade is
emphasized, and reemphasized.

The present facility, as modified by Moebius [Ref. 2] from
the original design described in detail by Rose and Guttormson
[Ref. 3], permits a wider range of blading configurations to
be tested (both compresscr and turbine) than can normally be
accommodated in a single cascade facility. The unusual ar-
rangement of the facility however required that its suita-
bility for testing compressor cascades be established very
carefully. Preliminary studies were performed by Duval ([Ref.
4] which indicated that excellent flow conditions could be
achieved in the cascade, without suction, using 15 blades with
an aspect ratio of approximately two. The absence of suction
resulted necessarily in some degree of streamline contraction.
Measured in terms of "Axial-Velocity-Density-Ratio (AVDR),"
Duval's results were for AVDR : 1.06.

In the study reported herein, a series of cascade wind
tunnel tests were carried out using a specific compressor

cascade of Double Circular Arc (DCA) blading. The testing
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was undertaken to provide a baseline of experience and to
document a reference set of performance data for the particu-
lar cascade. The data would later serve as a reference with
which to compare the performance of a similar cascade of
"controlled diffusion" (C.D.) blading to be tested in a sub-
sequent phase of the program. The overall purpose of the
program was to obtain data with which to verify design pre-
diction and computational codes developed by NASA to compute
two-dimensional flow through compressor cascades [Ref. 5].

Preliminary tests to vary air incidence angle were carried
out using the C-series blading reported by Duval [Ref. 4].
The results are given in Appendix A. The results obtained
for turning angle and-losses agreed reasonably well with those
calculated for C-series blading using Reference 1. The test-
ing also showed that the cascade provided an acceptable area
of spanwise uniform flow over a wide range of diffusion factors.

To meet the required cascade design solidity of 1.67 while
maintaining an aspect ratio of approximately 2.0, the DCA
blades were designed to have a 5.0l inch chord and were set
at a spacing of 3 inches. This required 20 blades to be
mounted in the test section. Tests were conducted at reference
and at two positive and two negative incidence angles to ob-
tain results at on- and off-design conditions.

The performance results obtained were found to follow
qualitatively the data correlation given in Reference 1. Con~

tinuity and momentum balances showed the results to be
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consistent with having two-dimensionality with a streamline
contraction which was acceptable at all incidence angles.
However, inlet conditions which were periodic in total pres-
sure as a result of wakes from inlet guide vanes were found
to be incompatible with the new 3 inch spacing of the test
blades. The 2 inch separation of the guide vane wakes pro-
duced periodicity every two blade passages instead of every
passage. The recommendation was made that the guide vane
section be modified to provide guide vanes at 1 inch inter-
vals, and the reported tests repeated.

The present report documents the tests and the experimental
procedures followed in obtaining the data. Following a des-
cription of the facility and measurement techniques in Secticn

ITI and a review of cascade concepts in Section III, Section

IV reports the test program and procedures employed. Results,
discussion and conclusions follow in the remaining sections.
The form of the momentum balance and derivations of the loss
coefficients used in analyzing the results are given in
Appendices B and C respectively. Appendix D is reproduced
without change from Duval [Ref. 4], and describes the calcu-

lation of the AVDR.




II. FACILITY AND MEASUREMENTS

A. CASCADE WIND TUNNEL

1. Wind Tunnel

Figure 1 is a schematic of the complete test facility.
Figure 2{(a) is a photograph of the subscnic cascade wind tun-
nel test section showing its relatively large size. A view
of the test section with the DCA blading installed is shown
in Figure 2(b). The dimensions of the cascade and the loca-
tion of wall static pressure ports and upper and lower probe
survey planes are shown in Figure 3.

2. Instrumentation

a) Wall Pressure Taps

Static pressure taps were located on the south
wall, 16.25 inches axially ahead of mid-chord and 6.5 inches
axially behind the mid~-chord. Twenty taps were spaced at two
inch intervals along the wall in the blade to blade direction
at each axial location. The taps were connected to a water
manometer board so that the static pressure distribution of
the inlet and outlet could be monitored visually.

b) Survey Probes

A United Sensor Corporation DA-125 probe, Serial
No. A847-1 (Fig. 4) was used in upper plane surveys. A
United Sensor Corporation DC-125-24-F-22-CD probe, Serial
No. A981-2 (Fig. 5) was used for lower plane measurements.

A spanwise rake of static and total pressure sensors was also

22
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used to rapidly obtain surveys of the inlet flow field. The
probes are described in detail by Duval [Ref. 4].
c) Reference Measurements
Plenum chamber (supply) pressure and temperature
were recorded for each probe data sample. The plenum pres-
sure was also displayed on the manometer board. The total
temperature in the test section was assumed to be that of

the plenum.

B. TEST BLADING

1. Design and Construction

The test blading was representative, at larger scale,

of the midspan section of the stator of the compressor stage
reported in Reference 6. The blades were constructed using
the coordinates listed in Table I. A detail of the blade
tip is shown in Figure 6.

2. Instrumentation

Three blades were fitted with surface pressure taps
along the midspan section (Figure 7). The centermost blade
had 19 ports on each of the pressure and suction surfaces and
one tap at the leading edge. A photograph of the centermost
blade is shown in Figure 8 and the tap locations are given

in Figure 9.

C. DATA ACQUISITION AND ANALYSIS
Data was logged, reduced, and plotted using the Hewlett-
Packard HP-3052A Data Acquisition System shown in Fig. 10

[Ref. 7]. The system used an HP~9845A calculator as a
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controller, with components connected on an HP-98034A HP-IB
Interface Bus. An HG-78K Scanivalve Controller was used with
two-scanivalves. This system allcwed concurrent acguisition
of probe and blade surface pressure measurements.

The programs used in the present study were developed
from those described by Duval [Ref. 8]. The modifications
were documented in a revision of Reference 8 (Ref. 9).

The uncertainty in the measurements is given in Table

II.
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III. REVIEW OF CASCADE AND TESTING CONCEPTS

A. NOMENCLATURE

The terminology used here follows Chapter 6 of Reference
1. Figure 11 shows a general cascade gecmetry and defines
inlet and outlet air angles, blade to blade and spanwise

coordinates.

B. REQUIREMENTS ON TEST CONDITIONS

For cascade wind tunnel data to be an accurate measure
of the two-dimensional performance 2f the test blading, the
flow field must be shown to meet conditions of inlet uni-
formity, two-dimensionality and periodicity between blade
rows. These fundamental conditions are discussed at length
in References 1, 4 and 10.

1. Uniform Inlet Flow

Uniform inlet flow is a requirement common to all wind
tunnels. Toward this aim, in the present facility, Moebius
[Ref. 2] incorporated a modified bellmouth contracticn which
generated a uniform flow of air at the entrance to the test
section. There, a row of 30 adjustable inlet guide vanes
(Fig. 1) at 2 inch intervals provided the means by which the
flow to the test cascade could be turned uniformily to become
parallel to the lower end walls. A mechanism was incorporated
to allow the adjustment of the flow to be made with the cascade
in operation., The design of the lower section ensured that

all inlet air travelled the same distance between the turning
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vanes and the test blading. This ensured a uniform boundary

layer growth. The present inlet configuration was shown to
provide flow to the test blading which was uniform but with
an added periodic component in the total pressure which was
the result of inlet guide vane wakes [Ref. 1ll].

2. Two-Dimensional Flow

Two-dimensional flow conditions must also be approached
in the test section. This implies that the flow in the cen-
tral test plane is independent of spanwise Jdisplacement.
Streamline contraction between the inlet and outlet test
planes can however occur. As discussed by Erwin and Emery
[Ref. 9] interaction of the tunnel side-wall boundary layers
of the test airfoils is believed to be a primary cause for
flow not remaining two~-dimensional.

The problem is reduced in many facilities by using
suction through porous walls in the area of the blade ends
to remove the sidewall boundary layers. Because of the large
scale, the inlet geometry and high Reynolds number of the
present facility, the need for suction to obtain twoc dimen-
sionality is reduced. Duval [Ref. 4] demonstrated that with
an aspect ratio of approximately two the present facility
provided nearly two-dimensional flow over greater than f£ifty
percent of the span of a moderately loaded compressor cascade.
However, without suction, because of the growth of the side
wall boundary layers, the flow on the center plane through
the blading must always correspond to a flow with some stream-

line contraction.
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The degree to which truly two-dimensicnal flow (with-

out streamline contraction) is achieved can be examined by
checking continuity using the measured midspan inlet and out-
let conditions. The "Axial-Velocity-Density=~Ratio” (AVDR)
described by Duval in Appendix D is a measure of the twc
dimensional continuity out-of-balance. Another check on the
degree of two-dimensionality of the flow is made by perform-
ing a momentum balance over one blade passage. The change,
in the momentum of the outlet compared to the inlet air is
related vectorially to the pressure rise and the force on the
blade. The components of force are cbtained by integrating
the pressures distributed cver the blade surface area (Appen-
dix B). A necessary condition for two~dimensicnality with
streamline contraction is that there exist at least some
region of the flow in the center of the span which is inde-
pendent of the spanwise displacement,

3. Periocdic Flow

Since the cascade is simulating an infinite row of
blades, the conditions in one blade passage should be identi-~
cal to those in any other. Therefore in the blade-to-blade
direction, all measurements should depend on position in a
periodic fashion. This is the so-called periodicity require-
ment. Since the two end passages are bounded by walls rather
than streamlines, they produce flows unlike those in the other
passages through the cascade. For cascades having few blades
(less than ten), the end passage flows are critical to the

process of achieving truly periodic conditions over the more
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central blade passages. By using 20 blades the importance

of the end passages was greatly reduced. In practice it has
been observed that the flows through the center blade passages
are not detectibly affected by the slight movement of the

exit end walls and hence the end passages themselves must

not be of critical importance. Periodicity can be examined

by comparing outlet conditions measured over two or more

blade passages. With pressure-instrumented blades, periodicity
1s accurately checked by comparing surface pressure measure-

ments made on adjacent blades.

C. USE OF REFERENCE QUANTITIES

In practice small variations in the blower speed (and
therefore in the inlet dyvnamic pressure) during the time
required for a probe survey are unavoidable. This requires
that guantities derived from measurements be referenced in
some way to tunnel supply conditions before being integrated
in order to remove the effect of time dependent wvariations.
Duval [Ref. 4] demonstrated that the plenum conditions can
be used as a basis for obtaining suitable reference guanti-
ties. 3Similar procedures were followed throughout the present

work.

D. PERFORMANCE PARAMETERS

The performance of a cascade is specified in terms of the
} deviation angle (3) and the loss coefficient (.) for given
inlet conditions. 1In Ref. 1 the loss coefficient is shown

to correlate in terms cof the Diffusion Factor (D). In the
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present wo. -, the performance parameters were calculated using
] the following expressions:

1. Loss Coerricicent (w)

5 o= ——t (1)

where the mass averaged pressure coefficients in Eg. 1 are

defined in Appendix C. It is shown in Appendix C that the

effect of time dependent supply conditions are removed and
the effect of AVDR is included in the use of Eg. (1l).

2. Diffusion Factor (D)

W2 L‘,Wu
D = 1 - == + ~ (2)
Wl ZVWl
3. Pressure Rise
P, - P
Pstatic Ql

4. Blade Surface Pressure Coefficients

P - Ei
Cor = S (4)
Q
P -P
Cp = - —1 (5)
Q;

! Note: 1. Bars denote average guantities. Mass average
is used except for 3 which is space averaged.
2. Time independence was obtained by referencing

to local plenum conditions.
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IV. TEST PROGRAM AND PROCEDURE

A. PROGRAM OF TESTS

Table III lists the cascade configurations tested. Five
tests were conducted to provide data at design condition and
at positive ané negative incidence angles. Design incidence
and probable deviation angles were computed using the proce-

dures outlined in Ref. 1.

B. PROCEDURES TO ENSURE CONSISTENCY BETWEEN TESTS
Procedures were standardized from run to run in order to
obtain measurements which were only a function of blade
design and air inlet angle. The unigue design of the
cascade permitted data to be taken at a constant stagger
angle, while varying only Bl. The same procedures were used
to realign the cascade for each new configuration. The lower
end walls were set to the desired inlet air angle and the
inlet guide vanes were set so that their trailing edges
were approximately aligned with the end walls. The upper
end walls were set to the outlet air angle estimated using
Ref. 1. The end wall spacings were set to precisely 1.5
inches. All tests were run at an average inlet velocity xl
of .12. The same blade-to-blade distance was surveyed at

each station in all tests.
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C. TEST PROCEDURE AT EACH INCIDENCE ANGLE

The desired inlet dynamic pressure was set. Before
recording data, the manometer board was checked to ensure
that the distributions of static pressure at inlet and
outlet were acceptably uniform. If necessary the inlet
guide vanes and outlet end walls were adjusted in turn to

obtain an acceptably uniform distribution (0.5 inches H.O).

2
The adjustments required were usually minor and easily
effected.

Probe surveys were carried out in the blade-to-blade
direction at midspan at the lower and upper planes in turn.
In each survey at the lower plane data were taken over two
blade passages at 1/2 inch intervals. In the upper plane
data were taken over four blade passages using 1/2 inch
intervals, except over one passage for which 0.2 inch
intervals were used. Surveys were also taken at the upper
plane in the spanwise direction 1 inch from both %the pressure

and suction sides of the centermost blade. Periodically

throughout the run, measurements were taken of the pressure

distribution on the instrumented blades.




V. RESULTS

The results contained in Tables IV to XXIV and Figs. 12
to 85 are arranged in the following way.

The reduced data are given first in five sets of tables
which are of 4 types; namely, upper plane probe data, lower
plane probe data, center blade pressure tap data and adja-
cent blade pressure tap data. There is one table of each
type for each of five incidence angles. The final table
(Table XXIV) gives the blade performance parameters deduced
from measurements for each of the five configurations tested.

The results shown plotted in Figs. 12 to 85 are divided
into two separate groups. The first group (Figs. 12 to 72)
presents results which illustrate the quality of the wind
tunnel flow conditions. The second group (Figs. 73-85) gives
the blade element performance results deduced from the data.
In the first group, results are presented first to examine
the inlet flow uniformity (Figs. 12 to 18), second to examine
the outlet flow periodicity (Figs. 19 to 47) and finally to
examine outlet flow two-dimensionality (Figs. 48 to 72).

All points are shown connected with straight lines except
for Figs. 83 to 85 in which a curve was hand-faired between

points.
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VI. DISCUSSION

A. INLET UNIFORMITY

The probe surveys at the lower plane in Figs. 13 to 17
showed that the inlet plane total pressure at midspan had a
periodic variation in the blade to blade direction of approxi-
mately 1.5 inches of water peak-to-peak, with a spatial period
of roughly 2 inches. This is the result of wakes from the
inlet turning vanes and in agreement with the previous find-
ings of Duval [Ref. 4] and McGuire [Ref. 11]. The wall
pressure distributions (Figure 12) however showed that the
static pressures at both upper and lower planes had minimal
variations (.7 ins. water peak-to-peak at the lower plane, .4
ins. water peak-to-peak at the upper plane) in all runs except
that for 31 +46° (i = 8.8 ). 1In that one case the deviations
were 1.1 ins. water peak~toc-peak at both upper level and lower
planes. This may have resulted from operating the turning
vanes too far, or may have been the result of the high posi-
tive incidence in the test cascade itself. 1In all cases
the static pressure variation over the four blade passages
of interest in the center of the cascade did not exceed :=0.1

inches of water.

B. TWO-DIMENSIONALITY
The data in Figures 48 to 67 showed that at all incidence
angles a sizeable area of spanwise uniform conditions existed

downstream of the test cascade. Most cases resulted in
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uniform pressure and velocity over more than fifty percent
of the span. Reference 10 points out that at higher lcadings
it is especially difficult to establish a substantial span-
wise area of uniform flow in the region near the suction side
of the blade. This begins to be evident in the data shown !
in Fig. 56 and 64 in which only 30-40% of the spanwise dis-
tance is acceptably uniform. It is noted that the behavior
at reference incidence is not consistent with the general
trend toward a reduced extent of uniform flow as the loading
was increased. a

However it is noted that the data are limited. A span-

wise survey was carried out at only one station close to the
suction surface. It is possible that the exact orientation

of the guide vane wakes (with peaks and valleys in total

:

i pressure) with respect to the leading edges of the test blades,
' may affect the suction-side wake region in a significant way.

L Figures 68 to 72 show results for inlet and outlet angles,
5 the "reference" angle, 3, and blade force vectors derived in

two ways as shown in Appendix B, namely, from 1) the applica-

B AN A0l B TR 2 2 trd 8 g i At 3 o 1

tion of momentum conservation using inlet and outlet probe
survey data, and 2) the integration of surface pressures over
the blade areas. As shown by Vavra {Ref. 12], in the two-
dimensional incompressible case without friction, the resul-
tant blade force should be perpendicular to the direction &
This is very nearly the case for all angles using the surface
pressure integration method and for positive incidence angles

using the momentum conservation method. At negative inci-

dence angles (Figs. 68 and 69) the momentum balance force
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is markedly different from the surface pressure integration
vector. The force coefficients computed by the momentum
method tend to rotate downstream as incidence decreases. The
reason is not clear. According to Shultz [Ref. 13], the
magnitude of the blade force deduced from probe surveys de-
pends on the location of the outlet survey plane relative to
"fully mixed out” conditions. The present data were not re-
duced to calculate fully mixed out conditions, and the strictly
two-dimensional form of the momentum equation was used to
calculate the force components. A more detailed analysis

of the data is necessary in order to explain the differences
in magnitude and rotation of the force vector computed by the

momentum conservation method.

C. PERIODICITY

In order to examine periodicity, the probe survey data
obtained across 4 blade spaces at the upper plane were plotted
over a single blade space. As a result of an examination of
the data this was done in two ways. First data across three
blade spaces were plotted across a single blade space. Second
data from the four spaces were plotted across two spaces. As
can be seen in Figs. 20, 22, 27 and 29 at negative incidence
angles the total pressure and velocity did not repeat well
every blade passage, but repeated very closely indeed every
second blade passages (Figs. 21, 23, 28 and 30). Also, the
blade surface pressure data in Figs. 19 and 26 show a variation

in pressures between corresponding locations in the three
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centermost passages. The disagreement is most pronounced at
the corresponding taps near the leading edges. The departure
from strict periodicity at the test cascade was attributed

to the inlet turning vanes which were spaced at two inch
intervals. Since the test blades were spaced at three inch
intervals, periodicity of the combined arrangement would occur
over a spatial period of 6 inches, or two blade spaces.

At the high blade loading (higher diffusion factors) the
lack of periodicity was still evident, but was less pronounced.
The data at positive incidence angles in Figs. 34-36, 39-41,
44-46 show more nearly periodic outlet conditions than is
seen in Figs. 20-24 and 27-31 for negative incidence angles.
However, in each of the former three sets ¢of figures it is
evident that the data over the positive incidence angles in
one of the three passages departs detectibly from the data
over the remaining two passages. The surface pressure varia-
tion between adjacent blades is still apparent (Figs. 33, 38
and 43) with the largest variation again near the leading
edge.

If only the data at reference and positive incidence angles
were available, the flow might be thought to be pericdic to
within reasonable tolerances. It is only in the data at
negative incidence angles that the lack of periodicity becomes
obvious. A reexamination of all the data then reveals that
the effect is progressive. As the cascade is increasingly
loaded, the preexisting inlet wake profiles tend to diminish,
possibly under the influence of the increasingly adverse

pressure gradient.
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D. BLADE PERFORMANCE DATA

Figures 73 through 82 show detailed plots of the pressure
and velocity distributions over the centermost blade for
each incidence angle. The leading edge stagnation point was
noted to have traversed across the leading edge tap as the
incidence angle was varied. It was also noted that the

pressure at last pressure taps on the suction and pressure

sides of the blade were always nearly the same (= .2" HZO)’
Figures 83 and 84 show the blade element performance !

parameters and the AVDR variations with incidence and diffu-

sion factor. All trends gualitatively follow the results

given in Ref. 1. It is noted particularly that the AVDR is

a strong function of diffusion and/or incidence. Since the

AVDR 1s a measure of the departure from strictly two-dimensional
flow and its magnitude depends on the interaction between the
blade and sidewall boundary layers, the need for boundaryv
layer removal becomes more pronounced at higher diffusion
factors. The magnitude of the AVDR obtained entirely without
boundary layer removal is thought to be promising.

The data in Fig. 85 shows that due to the variation in
inlet total pressures between adjacent passages,different loss
coefficient values were calculated depending on which passage
or passages were used in the integration. Most points ob-
tained from the three methods were seen to agree; only in

the case of i = 2.1 are the results inconsistent. Since the

measurements of two-dimensionality were also inconsistent
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there is reason

(section VI.B above), at this incidence angle,

The blade performance results shown

to repeat the test.

in Figs. 83-85 are considered to he preliminary in nature.
They show c¢learly however that consistent data can be obtained
and that the AVDR

over a useful range of incidence angle,

remains in an acceptable range.
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VII. CONCLUSIONS AND RECOMMENDATIONS

Two different cascades of blades were -ested in the present
work.,

In preliminary measurements using a cascade of fifteen
C series blades with four inch spacing, inlet uniformity
(with a small but well-defined periodic velocity component im-
posed) , outlet periodicity and outlet two-~dimensionality were
shown to be excellent and the axial-velocity-density ratio
(AVDR} was shown to range from unity to 1.04. The loss
coefficient obtained at reference incidence angle agreed well
with published data. At incidence angles 10° greater and 10°
less than reference incidence angle the loss cocefficient in-
creased substantially. The guality of the results obtained
with the C Series cascade led to the selection of a similar
aspect ratio (-2.0) for the second cascade.

The solidity required in the second cascade (1.67) of
DCA blades resulted in a geometry of 20 blades with 3 inch
spacing to maintain the aspect ratio close to 2.0. From a
program of 5 tésts of the DCA cascade at different air inci-
dence angles, the following conclusions were drawn concerning
the test conditions, the test procedures and the blade per-
formance measurements obtained:

1. The inlet flow was uniform in direction and of uniform

static pressure, but with an imposed variation in velocity
and stagnation pressure resulting from the wakes of inlet

guide vanes.
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2. Excellent periodicity was found over pairs of test
blades, whereas departures from strictly periodic conditions
were detected from one blade passage to another. This was
explained as being the result of the guide vane wakes being
separated at two inch intervals and entering the test cas-
cade with 3 inch blade spacing. The departure from period-
icity decreased significantly as the blade loading was
increased.

3. An acceptable region of spanwise uniformity was found
downstream at midspan (over 30-50% of span), at all condi-
tions tested. The AVDR ranged from unity to 1.11 as the
loading was increased.

4. Blade forces calculated from the integration cf surface
pressure measurements agreed well in magnitude with blade
forces deduced from probe survey data, and were close in
direction to the theoretical direction for two-dimensional
incompressible flow without friction.

5. The direction of the blade force deduced from procbe
survey data departed significantly from the theoretical
direction for two-dimensional flow as the incidence became
negative. A more detailed review of the data and data reduc-
tion are reguired to explain this departure.

6. The data obtained for pressure rise and deviation angle
(as well as AVDR) were well behaved with incidence angle.
However, the values obtained for the loss coefficient depended
to a degree on the interval used in the integration of the

outlet survey data. This was consistent with the observed
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departure from strict periodicity. The uncertainty in the

loss coefficient at different incidence angles ranged from

+5 to =25%.
7. Complete pressure distributions were obtained over the

centermost blade at each test condition.

8. The mechanical adjustments necessary to produce uni-
form static pressure at inlet and outlet at the start of a
test were straightforward, and required only two or three

minutes to complete. The hardware adjustments between tests

associated with change of incidence angle regquired three
hours to complete.

9. Probe traverse and data acquisition procedures were
reduced to a straightforward routine, taking approximately
two hours of test time for each incidence angle.

The following recommendations are made:

1. The inlet guide vane arrangement should be modified
so that guide vanes are placed at 1 inch intervals. This
can be accomplished using the right and left hand sets of

guide vanes presently on~hand. A second set of vanes can be

mounted on 2 inch spacings from the north side wall, so that
they mesh, on assembly, with the present set mounted from
the south side wall. A single hand crank can be arranged to
adjust the vanes in unison. The advantage of this arrange-
ment is that periodicity at the test section will result for
any test blade spacing which is a multiple of 1 inch and,
equally importantly, the wakes remaining at the inlet to the

test cascade will be greatly reduced. The modification
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should be carried out before further measurements are
attempted.

2. Repeat the tests reported herein and compare results.
3. Incorporate five more pressure taps around the leading
edge and at least one more tap on the trailing edge to better

describe the distribution in those critical areas.

4. Describe the flow structure using flow visualization

techniques in conjunction with pressure tap readings.

5. Install wall suction in the side walls, to control the
AVDR and thereby examine its effect.

6. Replace the upper yaw mechanism with a manual system
to improve the angular resolution.

7. Run tests at different inlet dynamic pressures to
determine its effect.

8. Incorporate a disc memory in the data system to provide
rapid access to programs and data and simplify continuity

between investigators.
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# Fig. 2. Photograph of Subsonic Cascade and Test Section
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Upper Plane Survey Probe

4.
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Lower Plane Survey Probe

Fig. 5.
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Fig. 12. Wall Static Pressure Distributions (Lower and
Upper Planes)
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Fig. 57. Spanwise Probe Data Surveyed 1 in. from

Suction Side of Centermost Blade
(i=2.1, X/X, Upper Plane)
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Fig. 58. Spanwise Probe Data Surveyed 1 in. from
Pressure Side of Centermost Blade

(i=2.1, (Pplen-Pt)/Ql, Upper Plane)

100




Yo Xbar
1.9 i FROM FRESSURE SIDE
CEWTERMDST BLADE (i=2.1)

[
T

~J
T

! g 1 i I z ) 1 1 L ‘ 1
- m [Vy] - ]

; IMNCHES

Fig. 59. Spanwise Probe Data Surveyed 1 in. from
Pressure Side of Centermost Blade
(i=2.1, X/X, Upper Plane)
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4 Fig. 60. Spanwise Probe Data Surveyed l in. from

suction Side of Centermost Blade

(i=5.3, (Pplen-Pt)/al' Upper Plane)
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Fig. 61. Spanwise Probe Data Surveyed 1 in. from
Suction Side of Centermost Blade
(i=5.3, X/X, Upper Plane)
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Fig. 62. Spanwise Probe Data Surveyed 1 in. from
Pressure Side of Centermost Blade

(i=5.3, (Pplen-Pt)/al’ Upper Plane)
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Fig. 63. Spanwise Probe Data Surveyed 1 in. from
Pressure Side of Centermost Blade
(i=5.3, X/X, Upper Plane)
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Fig. 64. Spanwise Probe Data Surveyed 1 in. from

Suction Side of Centermost Blade

(i=8.8, (P -Pt)/6l, Upper Plane)

plen

106




T P s,

Ao Xbar
1.9 in FROM SIHZTION SIDE
CEWTERMDST ELRDE (i=3.3)

D)
T

-3
T

5 1 L i L L 1 L !
M~
IMCHES

Fig. 65. Spanwise Probe Data Surveyed 1 in. from
Suction Side of Centermost Blade
(i=8.8, X/X, Upper Plane)
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Fig. 67. Spanwise Probe Data Surveyed 1 in. from
Pressure Side of Centermost Blade
i=8.8, X/X, Upper Plane)
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TABLE I. TEST BLADE COORDINATES

X-COORD. Y-PRESS. Y-SUCT.
-0.044 0.000 0.000
-p.022  T==== 0.039
0.013 -0.042 ===
0.178 0.007 0.142
0.400 0.067 0.244
0.622 0.120 0.333
0.844 0.164 0.413
1.067 0.207 0.480
1.289 0.242 0.538
1.511 0.271 0.584
1.733 0.293 0.620
1.956 0.309 0.649
2.178 0.320 0.664
2.399 0.324 0.673
2.622 0.324 0.671
2.844 0.318 0.660
3.066 0.304 0.640
3,288 0.284 0.607
3.511 0.260 0.567
3.732 0.229 0.515
3.955 0.191 0.453
4.177 0.147 0.380
4.400 0.098 0.298
4.621 0.040 0.200
} 4.844 -0.022 0.091
] 4.908 -0.042  =====
4.943  ===== 0.040
i 4.966 0.000 0.000
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TABLE II. MEASUREMENT UNCERTAINTY
Item Description Method Uncertainty
X Blade~-to~Blade dimension Position + .01 in.
x = 0 in. West end Potenticmeter
x = 60 in. East end
Z Spanwise dimension Position + .01 in.
z= 0 in. North wall Potentiometer
z= 10 in. Soutir wall on probe mount
81 Inlet flow yaw angle Angle Potentio- : .1 deg.
meter on probe
mount (hand
adjustment)
82 Cutlet flow yaw angle Angle Potentic— .25 deg.
meter on probe
mount (motor
driven adjustment)
P Total pressure at the Pneumatic probe + .1 in. H,0
t 2
test plane
P len Plenum total pressure Static tap in = .1 in. HZO
P plenum chamber
Vo
P Static pressure at Calibrated pneu- = .15 in. HZO
the test plane matic proke
Pw‘* Static pressure at Static tap on * .1 in H2O
“ X =0 in., ¥y = =16.25 in., North wall
z= 0 in.
PA'N Atmospheric pressure Absolute Strain * .6 in. HZO
’ Gauge Transducer
PTARE Transducer tare reading Scanivalve + .01 in. HZO
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TABLE III. CASCADE CONFIGURATION DATA

Constant Parameters

Blade type DCA
Number of blades 20

: Spacing (inches) 3.0

' Solidity 1.67
Thickness (% chord) 7.0
Camber angle 45.72
Stagger angle 14.27

Variable Parameters

Test 1 Test 2 Test 3 Test 4

i 2.1 8.8 5.3 -4,

130

39.2 45.9 42.4 32.2

9

Test 5

27

-9.

.9

2
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TABLE IV. PROBE DATA, UPPER PLANE AT MIDSPAN

ELADE TO EBLADE TRAYERIE MITSFPANM

UFFER PLANE

Foint  Laocdin Beta oibar 2o A Fro0tbar
R R R R R R R R R e e R R R P T 3
1 -7 34 2.17 L BET L1EES LLETL
2 -5,39 2.14 L T448 L1141
3 -5,393 2,18 CERRE LBI53s
4 -5.71 2.13 =T B 3 LRETD
b -5,42 Z.12 LERST 7 LAS2S
3 -4,92 2.14 L3233 Aoz .
7 -4, 44 3.2 - e L1328 .
3 -3,%4 .25 LTESL 1539 .
2 -2.47 3,28 LELS2 L127E .
19 -2.38R 2,25 L2243 Ll3av .
11 -2.43 3.24 3157 SLETE K
12 ~1.9%3 3.43 L IR0 L1312 L3S
13 -1.792 2.05 L TERS . l3EE ST
14 -1.5%8 .83 rarichy 189 Llaat
15 -1.37 .99 JBRTAZ L1313 L1949
1s -1.13 2.94 s 5 L1 EER L1521
17 -.'99 3.84 P75 L 299 LaEael
12 -.73 3.95 LT3R 1394 LHES D
13 -, 81 2.358 C2a42 L1937 LASEL
29 -. 49 2,24 L3929 L1324 LRI
21 - 22 2.37 LTES L1254 LTS
22 -.91 2.87 LIRS 1320 LSy
23 13 2,89 L 30aS Clese LHeas
24 , 41 Z.34 L3115 LLRsT S EE 3] .
29 Y 2.939 LE129 L1243 W9 ’
28 .73 2.33 L3324 L 2RES s |
27 1,33 2.37 2209 L2313 =
23 1.12 2.34 L3215 RN A
293 1.33 2.34 ek o1 o
29 2.a1 2.384 STTR2 .1 .1
21 2.59 2.23 L2244 . 1 W1
a2 3.498 2.39 L3439 L 1Ezs .o
33 3.38 2.2% L3233 L2045 .9
34 4,35 2.37 LER2 L2Ast ]
25 4.951 2.89 ratf 133 .1
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TABLE V. PROBE DATA, LOWER PLANE AT MIDSPAN
(i = -9.2)

ELADE T EBLADE TRAVERSE MIDSFAN

LOWER FPLANE

Paint Locdind Beta Do0lbar Fzo0lEar Fesiboar

t ~4, 54 22,38 1,025s ~. 0155 LDAT2 LAB2e
2 ~3, 80 SR 1.919:8 -89 L2131 )
3 ~3,.58 .37 L9489 ~. 3138 L3ETS LEZZT
4 ~32.99 a7 1.3175 ~.0103 LI L3571
5 ~2.59 22.95 5 - Bara BT L3554
5 ~-2. a0 ~-27 .37 -.B337 L4533 JASZT
7 ~-1.593 -23,58 -, 0043 LRETS LEI0E
2 ~1.498 -Z27.31 : -. 0974 LAL34 JESED
E ~. 59 -27.31 1.21323 -.31a3 SR04 LEEL3
19 .99 ~27.53 L E513 s Tsr ) SRR L2248
11 .59 -27.83 A -. 2359 LRTE2 LAEESD
12 1.949 -27.31 {.a122 - BT B2t L2526
13 1.59 -27.89 1.9951 ~-.9133 LR2T3 L3511
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TABLE VII.

RoC ‘¢ -C

ADJACENT BLADES DATA (i

Cpt Cp

= ~9.2)

Mach

e

L R R R E S R L E b E R I o P R S

FRESZURE ZIDE LEFT ELADE

.1213 L AIa
SHLF2 LATLA
. 23233 2911

-. 12893 . 3ERT
L1345 -.945%]
L2120 SBYEE

SUCTIOH SIDE LEFT ELARDE

1213 LA7.9
N -4 o L4an
L2233 L R3EE

- - BRI
-. -1.192:
- - 5T Sd

FRESSURE SIDE RIGHT ELADE

o
.

-
[exy
R

DO ON
LA I ool (8]
[ VERS V=Y
R S
—h

— 0w

WM
.
DoCR s W

SUCTION SIDE RIGHT EBLADE

L1313 L2713
LH1E2 1409
3233 L9333

L1912 -.

L 15a9 -.

L2254 .
-, 4324 - TELD
~. 7321 ~1.1829
~. 3336 - 444
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E TABLE VIII. PROBE DATA, UPPER PLANE AT MIDSPAN
(i = -4.9)

BLADE T ELADE TRAVER:ZE MIDTFAN
UFFER FPLAME

Point  Laociinmd Eota Nodibar Peoilhbar Feotipar S lban

1 -7.39 1.7%8 21
2 -5.34 1.39 a
3 ~5. 41 1.77 . 29 . < g
4 -5,72 1.75 LTS8 . 4 24
5 -5, 42 1.77 LT ESS . L1354 TEOE
5 -4,94 1.79 . 2 . HEST LTl
v -4.45 1.77 . 4 . g by LTIEE
E] ~3,49% 1.78 . v ey R LadEt LTETS
3 -2.47 1.783 . 3 L2335 RS ICR Y] CTEIE
1A -2.%7 1.72 . 3 L2371 g 81 L TEES
11 2,43 1.74 . 5l L2374 S L o LT
12 ~1,%3 1.73 . ER L2591 LETE LT Ed :
13 ~{.77 1.78 LRSS el Yol LTS LTG0 j
14 ~1.53 1.78 L5393 L2532 LORAR LTASD
13 ~1.37 1.76 LTEDS L2473 o5 CTEES
18 ~1.13 1.74 JTESY L2433 s LOALY
17 ~.33 1.732 LTER2 L2374 4T LTRSS
13 - 77 1.78 =l Ca4Ea ST COTES
12 -.61 1.73 . 2 L24e3 s VTTLS X
29 -.322 1.77 L7345 LRAES g LTI
21 ~-.21 1.79 ST 2ET 24 Sd L BE LT Tan
22 -. 38 {.73 . 7EES L2413 L 3e . X!
23 .19 1.7% . 75943 L 2ATH Lo :
3 24 Y 1.78 R Y] L2371 i
29 .33 1.74 LTESH L2279 a3 .
28 1S 1.79 D B+ L2413 L .
27 1.3 1.78 STRES L2937 3 .
23 1,29 1.?77 58 L2331 L1 .
23 1.41 1.31 CEE3 L2954 ol .
39 2,92 1.74 L T57A L2227 Y .
31 2.31 1.73 Ml B L2232 B .
2 3.8 1.78 LTS3 L2338 .
33 3.51 1.77 LT3EZ L2913 .
34 4.9d 1.73 03 L2472 . .
33 4.52 1.39 T2 C2533 . .
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TABLE IX. PROBE DATA, LOWER PLANE AT MIDSPAN
(i =-4.9)

BLATE T9 EBLADE TRAYERSE MIDIFANM

LOHER PLANE

bar Fz-0lbar Feodlbar Sonbar

Foint  Locding Eeta e

P S I T R T

>
-
i

1 ~4.59 -*1 35 -.a19? CRET3 .5

2 -4, 29 -33.42 13 Rell 2

3 -2.598 ~31.13 2K L9134 LB13a g ]
4 -3.99 ~32.686 153 PRSI IER L aREs LRID
b4 -2.54 ~-31,3°7 zt -.6151 He S SERT
& -2.08 ~22.99 RS -, 39E3 RT3 LHAzY
7 -1.59 -31,33 47 -~ 9RAT SRS L2113
3 -1.4909 -21,%8 53 L9883 NS ey L2126
2 -.58 ~31,39 32 -.9a12 L1193 L3723
1a 0,98 ~32.%9 39 - 3094 RS2 SERE
1t .98 -22.67 52 - BB23 L3158 L9153
12 {090 -31.41 43 -.9122 LB1oH L3P
13 1.54 -21.33 ay -, 353 LE3S L3949
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TABLE X.

oo

CENTER BLADE DATA (i
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TABLE XI. ADJACENT BLADES DATA (i = -4.9)

Heoo oo Cpt Cp2 Mach EAVED

KRS LD ELBR L LR L XL LA LR N L L L L L L LA L R L LR s e L L Pt RIS L c b rrbtcntiTibbvrns®

PRES3IURE SIDE LEFT BLALE

L1213 L2292 LRADLS - 1382 L1166
L4102 L3718 . 2934 LTS L1062
L3233 L8411 C2937 L2359 ARz

SUCTION SIDE LEFT EBLADE

1213 LA719 -.3338 - 3389 L1451

4132 . 1499 -, B033 -1.1248 B )

L2ES3 333 ~. 23752 - 8277 <1385
FRESZURE SIDE RIGHT BLADE

L1218 L2393 L1799 - AETE RE el 1197

<4192 L9718 L2615 L3413 » 2353 e

.3233 L9411 3918 B947 L2294 CAazt
SUCTIOH SIDE RIGHT BLADE

L1213 .av18 ~. 4532 -.3367 . )

172 . 1489 ~. 6197 -1.1284 . L1582

3232 L A3%5 ~. 2309 -.5138 . B RcT
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TABLE XII.

PROBE DATA,
(1 = 2.1)

BELADE T3 EBELADE TRAVERSE MIDZPAN

UFPER PLANE

Paint

a0 0 N T AN e GRS e

- e
[ 3 (VIS

,.
'y

Lociimd

-7.28
-5,33
-3.35
-4,35
~3.93
~3.73
~3.43
~-3,24
-2.99
T4
.49
.24
-2,99
-1.,78
-1.358
~1.,25
-1,a1

-.75

L]
=T

It
[CS I (S (V)

4,

)

~, 23

Eeta G- thar

|
]

L B N B P B O B L~ LV XS VI (S S B (3 R Bl SO O B v i O I PV O

3.0 W

-1.49%
-1.44
-1.49
-1,49
-1.48
-1, 44
-1.43
-1.45
-1.41
-1.43
-1.47
-1.44
-1.42
-1.42
~-1.45
-1.4%5
-1,44
-1.48
-1.45
-1.48
-1.48
-1.45
-1.4%5
-1.44
-1.43
-1.44
-1.43
~-1.49
-1.44
-1.45
-1.43
-1.44
-1.44 -

e s o a a e « o« & s =
W L LA A D WD

.

T BT TG GG T Tt Fo T T T 2T T D T T (B Gy G O 0

[5G I By B e B s R I O R I e B B NP PR O AV B B B RV RN B B R EVORE I (AR B VROV S

LoCliat BTV I SRRV FUBIYVRE AV OO PRLS) 38 MR E ) U S AR s R o)

....
0

E N

440

-1.44 6747
-1.43 LBFIT
~1.44 L6331
~1.,494 L B208
-1.45 5396
~1.44 5594
-1.45 113
-1.45 B11S
-1.43 .3378

Ps 01lbar
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A 81
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TABLE XIII. PROBE DATA, LOWER PLANE AT MIDSPAN
(i = 2.1) '

ELADE T ELRDE TRAVERSIE MIDSPAH

LOWER PLHAME

Point Locding Bzt a Rl bar Pz -0N1bar Frofilbar o ar

! ~4,39 -23,92 1.9943 -, 3135 SR
2 -2.849 -39.82 R -.8135 LRA3EL
3 -2.94 39.89 P FR2T -. 9921 L0234
4 -1.59 : RS ] -. 3193 L3R
5 -1.39 I9,a2 L3933 -, 3304 LEd 1y
5 ~. 94 39,27 1,412 -.9124 L9131
e 3.88 -39, 27 L I7T0I -, 317 LSS
3 .59 -39.,29 3353 -.98155 LRESA
9 1.99 -48, 27 3333 -.9111 CRAETT
19 1.54 -33.75 1.9207 -.B173 FzZa7
11 2.88 -33.91 .95352 -, 2953 D et ]
12 3.9 -39,09 1.9113 -, 3225 L1271
13 4,98 -39.93 L3372 -.8923 . 1425
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TABLE XIV. CENTER BLADE DATA (i

2.1)

Yoo oL Cpl Cp2 tach gl

*"‘*-4-4-0*1"***‘*#{-*{'***’*“*******"**Y********’-****v*oo.;-4.--w.~¢~~~4-4¢4-4-

PRESSURE 31DE CEMTER ELADE

L RARY . B354 s LS9 .5
SRR R E L 2REe L1 TR ]
LA313 LR85 LlEE2 . 1397 s
347 LALL2 L1223 L 1EE0 A
. B333 L3215 L DER7 s R LB
L1213 s A K L 1ad4 C2E0Y LA
L1398 L4552 L L1 L1393 .
L2895 LSS L3238 L1273 LAETS R
34323 L D58 L 40T d L 1aed LRSS

L3192 LB7LE , 4239 LATET A

X jeis) L BT IE J3195 L1872 .17

L5553 S L BvE? CAIET L1928 .

L B937 JBEYS3 L 4I23 L1379 .

L7148 L3591l L4339 L lEee .

L, T334 L A$37 L3212 L1838 .

.3233 L2411 , 41354 L1803 .

L2E33 B327 . 4203 L1374 .

.33 JAZZG , 3817 L BTRa .

L2451 L3123 L INET -, 034 .

L3Eag L D0aa , 1854 -, 2173 .

SpCTION SIDE CENTER BLARDE

LR1AD JB227 -1,3885 . 3 L1174
LR3I B3R ~, 53933 . 0 L e
LT LIS -, 8314 . . 2 L 1aS3
.B393 LA%53 ~,. 5191 32 . & CLEaS
L1213 LATLY -, 5253 -1.3721 2 )
. 1955 LA9TH -, 5238 511 T LLSTE
L2623 N Ara ~, %952 3373 7 L1In
3433 ) -, 5122 : 1 Lo
L4132 L 1333 ~, 4321 4 1T
. 4728 . 1432 . ~,331%9 5 LLEDE
. S5RB9 L1912 -, 3837 21 4 LT
L E4927 . 1339 -, 154 14 . ‘1 S s
L7148 L1209 -, 1333 £302 . Lot
., 7324 L1321 -, 3231 ~, 3o . Lry e
.3233 L0299 . B523 B 8 . L1l
L3533 . B735 L1138t -, 289 . L0
I3 eS23 L1574 -, 233 . L1

L3431 . 3497 S W] -, 1933 . LAals
.33 LAZEN L1750 -, 20T . A0t
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2-1)

ADJACENT BLADES DATA (i

TABLE XV.

SIDE LEFT BLADE
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TABLE XVI. PROBE DATA, UPPER PLANE AT MIDSPAN
(i = 5.3)

BLADE TO EBELADE TRAVERSE MIDIFAN

UFPPER PLAME -

Beta o3l bar Pz 1bar Pt 0l b ar b
1 -7.38 -.3 L5794 3376 A Rty L5141
2 -8.%3 -. 23 4333 L31a2 L2132 L3374
3 ~B.42 -1.59 8143 L343 L9564 J55a1
3 -5.92 -1.47 L5234 , 3439 LAY T3 LETED
3 ~5.42 -1.4% L5301 3408 L0437 JEERS5
5 -3, 34 -, 35 JB276 et iy L9103 L2533
7 -4, 44 -, 37 3345 3442 SAR2S LE331
2 ~3.%5 -.33 AT L3903 L2511 LET 4V
9 ~3.43 -. 34 5122 L3415 LHET2 L2518
13 ~2.97 -.33 LBRI3E 3377 DRz SEEZD
11 ~2.493 -.33 B2 LI4ER L A5E9 LTS
2 ~1.93 -3 L5397 . 3399 L1432 TSB!
13 -1.73 -, 23 LB255 . 34721 LBES2 L5534 B
14 ~-1.57 - 38 .BE3S L2438 LITTR L5452 g’
15 -1, 34 -.37 .S5E7 L3351 L1340 L EZB) i
16 -1.29 -.33 L5183 L3111 LlE2d L5337
i7 -.33 - 37 . SHS2 . 3998 L2118 L5317
13 -.39 ~. 39 . 9535 L3298 L1449 L6129
13 -.61 ~.33 L5055 34095 LSt L5457
9 -, 48 -.33 LB229 3443 L BS23 L5543
21 - 22 -.33 JE321 344 LBSEE JESTE
22 -.81 -.33 B3OS L3419 LRETE L5339
23 .19 -, 40 L5334 333 LRSST R
24 .33 -.33 B339 L33 ] EED3
25 eyt -, 37 . B333 . 3336 L3498 LEEDD
25 7R -, 38 5394 L3372 L QEST £538
27 1.09 -.25 5287 . 3433 L B3 L2356
23 1.:24 -.33 JELT3 L3412 LBTLS L5510
27 1.49 -.37 LEELES . 3293 AETH YL
39 1.39 -, 34 L3314 L3R4S L2932 L5753
31 2.951 -. 37 L5215 L3471 L0812 n333
32 3,89 -.37 L5323 L3441 LRSEE L2577
33 3.4'9 - 25 L6323 . 3371 LSS L2
4 4,91 ~. 449 5351 3447 LRSIS JEEDL
39 4.51 -. 328 JISBTD . 3335 LAy L2253
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TABLE XVII. PROBE DATA, LOWER PLANE AT MIDSPAN
(1 = 5.3)

—r—

BELADE TO BLADE TRAYERSIE MIDIPAN

F LOWER PLANE

Fainmt  Locdin Reta G0l boar Pz 01bar Fr-Qlbar whar
1 -3.59 -32.51 . ~. 892 LAEET
2 -4.99 -41.52 L ATAE -~ 33 LTSS
3 -3.54 -42.59% . ~. 8 SR
4 -3.49 -42. 55 1.6 -5 L1125 293
i} -2.58 -41.43 e - 8 LE31L2 22
5 -2.99 -42. 79 L2532 -8 LBTES 13
7 -1.581 -2, 33 {.a82% - B JBELS L2425
2 -1.,049 42,372 1.a90sS -8 LB21E L2485
El -. 24 -32,38 =Tt - LATE Y LE3LR7
19 g,0a 42,42 . 9547 -.A TN L3124
11 .54 ~42. 41 RS -, s g ) 33
12 1.49a -42,329 1.0849 -2 L3135 11
13 1.59 -42,33 ] - 2 SR47 4 53
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TABLE XVIII. CENTER BLADE DATA (i = 5.3)

X2 Yoo cpl Cp2 Maet BOTIAR

FPRESSURE IIDE CEMTER ELRDE

. AAR7 | LO72 L IR
LR1E0 s LR2E L47S
L9313 X} Zaq

H

bl
3
i
2

sS4
132
LSS . S Lo
" E X LA112 CdEd .19
L2532 L3215 . 1 L1
L1218 R < . 1 .
. L3585 D852 . 333 . 4
2635 S L L3393 .
3423 D563 . 494 .
L3412 LA71A Jdzza
433 LA7EA . 1152
IR LRT2? . L1394
1) L3573 . L1293
1 BED
3

O O (W

LOO 8
[ (AT VR B VIR T (R IR VR O (1
.

o
LR S O Y B B YRS Il PR S B TR B PR (S IRV

= G L) e (0 PO

Lot O I P R SRR SR SN SR IR T, ST S O Y S CRR S SN s s YR |
P I o e
(o]

mT e OO D e B3 G e PO D D WD et R G

D ovee 1D 03 b e T 0 N N T ) e Q0 S e DD O

.
RXURET RN SO IR R BV I (R4 I SO 2

1 42
R T X . L 1Za
L3283 LSS . L3371
 BER 327 . L9544
. 932 S22 I3 L B3
. 343 L3123 . 1 - RATED
B33 L2038 S Gl -.2317

SUCTION S1DE CEHTER EBLADE

91583

.
<

-1,

227 T229 ~3.,3963 cnad .
.B313 L2319 -1.,2292 -2.92329 S48t .
247 D389 ~.32221 -1.%1686 . ITS3
. B393 LRTE3 -. 95353 4304 R L3 .
1213 .A7T19 -, 3288 4325 LI4LT
. 12958 J3A7H - 4382 I59S ’ 2 .
L2539 L1179 ~. 4232 2842
3433 . 1399 -, 3347 12338 .
4122 L1399 -, 3201 Dag2 Ll
43383 L1432 ~. 2557 ] A
5569 L1412 -, 15709 1
47 L1239 - 1274 LLDHd
L7148 L1203 -, 015193 R 3
a3 L1021 JIETY V1R
L5233 2325 SFLE AR
82273 Q7SS L1324 A Gy
. 3032 LT3 o 18593 Lllad
L, 9431 LRI 1R Iy}
2330 L2208 L1933 RIS
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r T e i

TABLE XIX. ADJACENT BLADES DATA ( i = 5.3)

$oC 2 Tpl Cp HMac b el

X E R L E R X R R R A AR R R Y R R R R T R R R R R R R R

FRESSURE 3IDE LEFT BLADE

.1213 233 « 3593 L H13S 173 LOET

L3132 ,B715 L3733 D415 L2158 S AR

3233 L4 2ESE LB el R L e
SYCTION SIDE LEFT BLADE

1213 .37 -. 4739 ~1.35:24 .

.4132 . 1498 -. 3117 -1.9%3g

.3233 L9335 L3713 -.4931 .
FRESSURE SIDE RIGHT ELADE

L1213 , 2393 - 3393 LEE3

L4132 s el LA319 3241

., 2233 B4 253 343

SUCTIOH SIDE RIGHT ELADE

L1218 B718 -.5154 -1.4159 o3
L3132 ldag -. 2955 -1.89549
3223 1393 L3319 - HET2 . i
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TABLE XX. PROBE DATA, UPPER PLANE AT MIDSPAN
(i = 8.8) '
i
FLADE TO BLADE TRAYERSE MIDSPAN
UPRER FPLAME.
Faint Loc(ind Bty Bodtbar Fzstlbar Fr-0ibar
1 -7 33 ~-1.93 cS244 L3113 245 L5
2 -5,932 ~.39 L5351 L3519 LBR2Y R
3 -5, 42 ~. 37 JE3T? L2523 B3 L £5473
3 -5, 34 -1.249 LE337 L3578 LDEDE e SIR
9 ~-S5.,44 -1.04 SRS c3421 JHETY , E451
5 -4, 35 -1.92 L4314 L2330 LETLT LETEL
7 -4,45 -1.a4a L9014 L2332 LOR2 L5392
& ~3.9& -1.44 L5494 . 340 AT L ESSE
3 ~3.,45 -, 39 L BIES L3522 CEEET L ES 35
19 -2.%3 -1.4z2 JB347 , 33324 LS L a3
11 -2, 44 -1.82 CR24E L3510 LBTEL L2385
12 -1,497 -0 L3325 L2313 Mg S X L S73S
13 -1.7%3 -1,a0 L4533 L2358 I Y TS
14 -1.952 -1.41 L 2344 L2553 LGSR
15 -1.3% -1.831 L5531 3223 L1834 LELED
15 -1.19 -1.08 L5132 L3EEE LOET? L Ed42
17 ~. 39 -1.494 SB35 3491 L BEET L2522
13 -. 73 -.35 5337 L351R L AE4T SES2T
13 ~-. 68 -1.99 L5427 L3493 L3539 L BSED
29 -4 ~-.37 BT8R L2474 LBELE NCSE 3]
2 -.21 -.34 LEoE3 R T LOTLS JESLT
22 ~. 91 ~1.54 CE245 e 343 LATTS BT
27 13 -1.97 Bged 4 L3453 JATES L5491
2 .41 -1.53 JH1ES L3421 JRETS L5453
2S Pt -1.54 LS L2321 JA3tE L2
Zn .73 -1.53 LO931 3129 C1EEL L EaS e
27 39 -1.57 L3359 LATES C2E51 LITEa
23 1.19 -1.57 L3473 L2887 LIRS LSSA9
29 1,48 -1.55 L dBET L2772 I3RS LS8l
39 2.31 ~1.54 JESTH L2425 S o LESAd
31 2.59 ~1.34 L5309 344902 BT L ESAT
22 3.41 ~-1.35 JB3TS L 34232 L8 L2592
33 3.9 -1.59%3 B2t 3438 ] LEda
34 3.91 -1.3" LATE2 L2331 g L SEaa
33 4,92 -1.938 -3 ] L2337 Lod  SETE
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TABLE XXI. PROBE DATA, LOWER PLANE AT MIDSPAN

(i = 8.8)

BELADE To ELADE TRAYERIE MIDIFAN

LOWER PLANE

Foint  Lociing Beta

E  E  EE L LT ER PP R
1 -4,90 -45,.59 1,993
2 -4,94 ~45,93 1.9249
2 ~2.54 -45,949 1.ALET
4 -2,499 -45,£9 Rt
3 ~2.94 -45,5%2 1.2123
S ~-2.14a -45.608 1,09174
v -1.534 -45,.482 CIELE
2 -1.03 -15,5% L2574
K} -39 -45,22 , B35
19 9,99 ~45,21 1. 0R&s
11 .59 -345,23 , 38
12 1,49 -45,72 LITHRS
13 1,58 ~-45,71 1.9213
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TABLE XXII. CENTER BLADE DATA (i = 8.8)
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TABLE XXIII.

", -
“ s Id

B

FRESSURE

L1218
L4132
L3233

L0323
CITLS
TSR

ADJACENT BLADES DATA (i

Cpl Cpd

S1DE LEFT BLADE

FRN AN

DR I o]
43 = At
[ S y)
-

-

SUCTION S(DE LEFT BLRDE

L1213 BT
L4132 . 14899
L3233 BT3RS

»3393
B7e
NEE2 !

SINE RIGHT
3 e

t
32 . 1499
3 . B335

SIDE RIGHT BLADE

-~ 4733 ~-1.38%8
~, 2459 ~, 2250
S1aer -, 3387
L3918 -.3a7s
384 L1913
, 439 R RSE X

BLADE

-, 5335 ~-1.5
-, 282 ~1.a
L1145 -,
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TABLE XXIV. BLADE PERFORMANCE DATA
!
3, 27.9 32.2 39.2 42.4 45.9
i -9.2 -4.9 2.1 5.3 8.8
By -2.9 -1.8 1.4 0.4 1.2
3 5.7 6.8 10.0 9.0 9.8
D .269 .319 .403 .456 .503
" .028 .023 .022 .041 .057
@ cos3 82
—— .011 .009 .011 .023 .035
20 cos” B
1
Y cos B
— 102) 0.849 0.690 0.658 1.242 1.719
a
AVDR 1.001 1.019 1.059 1.065 1.114
Cp .194 .241 .313 .351 .348
static
Cum -.982 -1.108 ~1.254 =-1.380 -1.364
Cynm .33 -.022 ~.498 ~-.566 =-.734
C.p -1.106 =1.218 =-1.596 =1.476 =-1.503
cyB -.304 -.380 -.643 -.645 =-.711
61 (in H,0) 20 22 19 22 19
X .12 .12 .12 .12 .12




APPENDIX A

PRELIMINARY TESTS WITH FIFTEEN C-SERIES BLADES

A cascade performance evaluation was conducted using fif-
teen C-series blades in preparation for a similar evaluation
at comparable diffusion factors but higher solidity using
DCA blading. The cascade configurations tested are given in
Table A-I.

Measurements were made using the apparatus and instrumen-
tation described in Section II.A. Acquisition and reduction
techniques were, with noted variations, those described in

Section II.C. (inlet dynamic pressure) and Xref (inlet

Qref
velocity) were used as reference parameters and were deter-
mined by correlating plenum pressure to inlet conditions as
outlined in Ref. 8, p. 45. Pressure instrumentation was not
installed in the test blades so that a momentum balance could
not be made.

As reported by Duval [Ref. 4] and McGuire (Ref. 11}, the
conditions at the lower plane were not uniform in the blade
to blade direction because of wakes from the turning vanes
located at the test section inlet. Rather, on the spanwise
centerline at the lower measurement plane, the impact pressure
had a well defined periodic variation. However, about the
spanwise centerline, the impact pressure was uniform over
more than fifty percent of the span. Since the inlet flow

conditions were not uniform, mass averages were used to

calculate properties at the inlet plane from the probe survey
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measurements. An additional check for inlet and outlet uni-
formity was made by recording the wall static pressures at
the upper and lower planes on both the north and south walls.
Figures A-1l (a)-{(c) are photographs of the manometer board
recording static pressure along the upper and lower south
wall. As can be seen there is little variation on each wall,
{(about * .02 inches water at the upper station and :0.35

inches at the lower station).

To obtain performance characteristics over a range of
incidence angles three test runs were conducted nominally at

(1 + 10°) and (ire - 10°), respectively. The actual

‘ref’ £

incidence angles achieved deviated from the nominal values

ref

by up to a degree but a desired twenty degree range of inci-
dence was covered.

The procedure for setting wall angles was identical to
that used for the DCA blading.

Run I was conducted with the same geometry at the same
conditions as the tests reported by Duval; that is, with
i

i + 10°., The results are given in Tables A-II and

te

ref
A-ITI and results are shown plotted in Figs. A-2 to A-5.

Tables A-II and A-III contain the lower and upper plane probe
data respectively. Figures A-2 to A-4 show the distribution

of the total pressure, static pressure and velocity on the

spanwise centerline in the blade to blade direction, across
; two adjacent passages. The results illustrate the near
periodicity of the two centermost blade passages. Figure A-5

shows the measured air outlet angle variation at comparable
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o AR

locations between the two blades. It is noted that the
measurement uncertainty resulting from the course resolution
of the electricil probe actuator (Table II) is responsible
for the apparent lack of agreement here. The degree of
two-dimensionality available at this angle was earlier
demonstrated by Duval [Ref. 4]. The value of the AVDR was

1.039, considered to be acceptable.

Runs 2 and 3 were conducted at inlet air angles correspond-

: - -1
ref and iref 10°. In both cases

two-~dimensionality was checked using spanwise measurements.

ing to approximately i

The results shown plotted in Figures A-6 to A-9 and A-10 to
A-13 show that in each case the total and static pressures
were acceptably uniform over nearly fifty percent of the
span about midspan.

In each case the AVDR was also found to be acceptable
(Table a-~1).

In runs 2 and 3 the periodicity of the centermost blades
was examined as before. The results in Figures A-14-A-~15 and
A-17-A-19 show that the magnitudes of the total pressure,
static pressure and velocity at corresponding positions in
two different blade passages were very similar for each of
the two incidence conditions. The data in Figures A-20 and
A-21 show that the outlet angle measured over four passages
varied insignificantly.

After noting the two-dimensionality and periodicity
available in each run, blade-element performance calcula-

tions were made using the probe data. All calculations
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followed the procedure described in Appendix C. The results
are given in Table A-I.

The magnitude of the loss coefficients and the variation
with incidence were as expected. The losses were the least

at a nominal incidence of i and increased substantially

ref
in the other two cases. The deviation angle and diffusion

factor decreased with decreasing incidence angle as expected.
The AVDR was also calculated to be least for an incidence

angle close to i at which the magnitude was close to

ref’
unity.




Fﬂ—————— Upper Plane -

a)

i>>1i
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izi
ref
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1<<i
ref

Lower Plane -—-ai
Pamb

Fig. A-l1. Wall Static Pressure
Distributions (Lower
and Upper Planes)
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TABLE A-I.

Blade type
Number of blades

Spacing (S) (inches)
Chord (c) (inches)
Solidity (o)
Thickness (% chord)
Camber angle (¢)
Stagger angle (y)
Air inlet angle (Bl)
Incidence angle (i)
Deviation angle (&)
Air ocutlet angle (82)
Diffusion factor (D)

AVDR

10SS OOEFFICIENT (w)

Run 1
C series
15
4
5.12
1.28
13.5
20
16.2
39.26
13.06
8.15
14.35
.3613
1.039
2.936

x 107

177

CONFIGURATION AND PERFORMANCE DATA
OF PRELIMINARY TESTS

Run 2

C series
15

4

5.12
1.28
13.5

20

16.2

27.57

12.81
.1900
1,008

2.0186

5.12
1.28

13.5



TABLE A-II. PROBE DATA, LOWER PLANE AT MIDSPAN

(1>>1 =23" H,0, Xr =,13)

ref’ “iref 2 of

BLADE TO BLADE TRAWERSE MID:ZFAN

LOWER FLRANE

Paint Lociind Bsta IS WA X FPs. RAirsf Pr-Glreaf woRrer

1 -4,33 -39.04 L3574 -. 0143 L3558 L3283
2 -3.939 -33.54 1.3838 -.928% L8128 1,903
3 -2.09 -38,79 L9511 -.9204 .9572 LeE2
) -1.00 ~-33,27 1.82853 -.9132 . 3078 1.3347
s 9.989 -33,29 L9215 - 8152 L8354 LIS IE
€ 1.9a -39.53 1,8043 -.3148 LB0S3 1.9837
g 2.29 -39.084 L3519 -.D2e4 N dche) .arrcr
8 3.89 -39.79 1.90993 -. 0292 .Q872 1.8451
9 4, -32.83 L9254 -.3158 LBESD L9644 {
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TABLE A-III. PROBE DATA, UPPER PLANE AT MIDSPAN

. . o ae -
(i >>lref' eref =23 H20, Xref .13)

BLADE TQ EBLADE TRAVEFPSE MIDSPAM

UFPEF FLANE

Pornt  Locdind Eeta Q- 0lref Pz Glreft Ft.Qlrer neliref
**41’?‘s"’,*v?'a%%*?’:":’f‘*"ﬁ?’*ﬁf*’vér‘.Q“.véés0*1‘?#‘!***?"‘é’ﬁ-*‘.é*’#.‘e‘O,’Q‘*f.’l**
i ~4,08 -14.18 .6110 sa554 .1139 LTTES
2 ~3.75 -14,18 L6862 L2793 . 8429 L3048
3 ~3.51 -14.14 .TO81 27089 . 8395 . 238
4 ~3.28 -14.19 . 569339 2717 .A37¢E L2321
S ~3.01 -14.17 . 86974 2714 .3389 .8214
[ ~2.78 -14.18 . 5391 L2723 . 2459 .8271
7 ~2.53 -14,2 . 6834 2726 . 8523 L2231
2 ~2.28 -14,13 .5920 L2726 D423 L2222
) -2.03 -14,5%9 .E357 2732 .0331 . 33086
19 ~1.77 -14.53 7011 . 2682 .R382 L3337
11 -1,952 -14.55 6324 L27TE2 L8438 L5224 4
12 -1.22 ~14.59 ,6718 2775 L0997 3159 ’
1z ~1.82 -14.17 .6557 . 2385 3723 L2962
14 - 21 -14.28 .6283 TR779 L1933 . 7894
15 -.5% -14,17 . 5683 2769 1862 .751e
1& -.32 -14.18 . 5605 «2718 L1791 L TIES
7 -. 87 -14.17 L8199 . 2359 1130 LTTES
13 .23 -14,18 5832 2757 D443 3259
19 .45 -14.15 . 5991 L2723 LB263 L5324
20 DTl -14.17 . 6394 L2782 .B417 . 3272
21 .24 -14,17 6751 2765 .B8E27 3199
2 1.20 -14,58 LETES 27709 L3542 . 3139
23 1.43 -14.59 L6368 2706 .051¢9 L3182
24 1.7€ -14,52 L6917 L2792 L0del L3231
2% 1.38 -14,.53 . 7320 L2717 .D341 L3341
o5 Z2.20 -14.53 . 7899 J2BT70 .920% L5389
27 2.4 -14.¢1 . 7883 2716 .83083 L3351
2% Z.78 -14,.59 JBPTS 2732 . 95320 L5198
29 2.35 -14,7¢ .B7R2¢ L2775 L2521 L2l ¥
L) 2.21 -14,286 5519 L2785 L0737 349
31 3.45 -14,27 L8912 L2778 L1487 .TES1
32 .72 -14,25 . 5532 L2758 L1783 LTAS3 3
32 3,01 -14.30 . 5331 L2341 L9285 STE2T
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TABLE A-~IV. PROBE DATA, LOWER PLANE AT MIDSPAN
P~ 3 = " =,
(1= derr Qrer =26" HO0s Xiof 13)
BLALE T3 ELALGE TRAYERSE MIDSPAN
LOWER PLANE :
Pocint Lociini Beta Q- Alref Fzs- Qires Fv-Qlref Hodref ]
BEETFrRAEB A B L LS E L LR REF T I 2R TR RN AL PP F LA LT RRRTRXR NS LSS 44FR g F T F G
1 -4,99 ~27.09 . 3541 -.3155 .B821 JETS
2 -3.99 -27.57 L 98Ed -.B873 .913% . %308 1
3 -2.89 -27.S9 . 9358 -.0943 L @598 . 9651
4 -1.48 -2v.5¢8 L3957 -.3182 312t L2352 ]
3 2.049 ~27.57 .3939 -.399%4 .1878a <3450
€ 1,949 ~2rv.5% . 9923 -. 2109 L2154 . 9935
v 1.38 -27.5¢ . 5309 -.9831 .B255 . 3378
3 2.44 ~-27.5% . 9187 . 2848 H774 . OSED
2 .80 ~-27.57 1.9111 -.09193 . 98%o 1.8829
1a 4. 0@ ~27.52 9244 -.9119 .B582 . 3895

1890




S S S .

TABLE A-V. PROBE DATA, UPPER PLANE AT MIDSPAN

(1 :lref' eref =26 HZO’ Xref =.13

BLADE TO BLADE TRAYERSE MIDSPHN

UFFER FLANE

Foint Lociing Bera GoRQirey Fz-Dlref Fe-Qliret T et
X R R P Y R R R e e R L E E S R R R R R R R R AL R R R R RS RS R R LR R L SRR
1 -7.92 -12.79 SELTT L1377 . 13433 59389
2 -5.%1 -12.,81 3149 1223 L0514 .35Te
3 -5.,92 ~12.78 8240 L1329 LBE27S L9877
4 -4, 24 ~-12.83 . 8053 1359 LAE 34 . 2721 '
S -3.97 -12.34 .3148 13294 .0519 LTITZ
5 -3.72 -12.22 . 83589 L1311 8324 LADS3
? -2.47 -12.21 . 8338 L1337 L0374 L3374
3 -2.23 -12.38 3382 L1298 L0334 3OS0
Q -2, 38 -12.31 .B269 . 1294 L3459 . 3028
19 ~2.73 -12,38 V8273 1328 . 94955 . 3041
11 -2.483 -12.78 . 8287 . 1384 . 9455 3039
12 2,22 -12.32 . 8387 13193 . 13358 TR0
12 ~-1,39 -12.34 8471 L1282 . B232 Ja148
14 ~-1.74 -12.31 83132 . 13951 L Kctrac . 051
1< ~1.49 -12.31 .8312 . 13506 .D3285 . 3061
1& -1.24 -12.81 V3213 . 1333 L0944 . 2035
T -1.2a -12.81 L7938 140 Q35S L2720
12 -, 78 -12.33 \Taza . 1561 L1482 . 2248
13 -.53 -12.82 <5493 . 1267 2010 L3817
2a - 25 -12.32 . 73483 . 1588 L1149 L3520
21 -, 81 -12.82 L 22938 . 1343 VO3az LIS 2
2z el -12.77 .B3E88 . 1383 363 . 2321
22 .49 -12.32 . 3381 . 1252 . 3308 .21499
24 ST -12.81¢ L2259 . 1238 .03518 729
33 .29 -12.82 .3183 1226 L BT32 L3332
25 1.22 ~1z2.72 . 3291 1254 . 9565 C3AR2
arv 1,42 ~12.598 L8279 1278 L5981 T k]
25 1,74 ~12.33 . 83280 . 1292 L8371 . 2039
2% 1,233 -12.32 . 8397 L1273 JEETS L1902
340 2.24 -12.32 . 5435 L1287 L0358 L3112 ;
2 243 -12.82 L3277 1287 LA37e .3940
32 .77 -12.33 L8222 L1399 528 L3912
33 2,29 -12.51 L 2B28 L1343 L5327 35900
34 3.24 -12.31 P14 L1983 1382 L3402 ‘
2% 3.51 ~12.28 LESER L1825 15232 . 30952
26 3.74 -12.31 T4 L1959 1833 RSB
37 4.01 -12.84 ., 8497 1393 8327 SRS
38 S.92 -12.83 8354 L1534 R Y L3099
32 B33 -12.33 3558 . 1248 LA233 LR 1
49 789 -12.922 3071 L1332 L0547 L3329 {
41 ],d1 -12.590 L5264 .13432 L9327 2328
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TABLE A~VI. PROBE DATA, LOWER PLANE AT MIDSPAN

3 1 - 1" P
(1 <<i o’ Qures =27" H0, X =.13)

BLADE TU EBLADE TRAYERSE MIDSFAN

LOKER PLANE

Point Locdiny Beta Go@lrefd Ps 0lref Fr-Qirss HeNref

X P R L T X R R R R L P T R R R T L R R E R R R R P L R R R DR P XL 2 X ¥
1 -4.99 -15.43 . 9359 . 3456 .11S€ EIY1
2 -3.,99 ~-16.40 . 3349 -.08%8 JR7EE L9919
2 -2.89 ~-15.45 . 9532 -. 0828 . 1094 ,3781
4 -1.58a ~-15.43 . 9935 . 3958 .B8550 L 3RE2
S -1.998 -15,46 1.9977 .Bg22 L9439 1.9824
& -.5@ -156.45 9772 .8841 S el ] 2873
v 3., 80 ~16.886 3245 .90832 L1298 . 3608
= .58 -15,69 .3783 .9014 JB733 AT
] 1.580 ~18.4% .972¢ . 8657 L 87ar L3579
19 1.598 ~16.48 . 3302 ., 90386 L1239 L O837
1t 2.99 ~15, 44 . 9398 . 8045 .1134 L FE5a
1z 3.98 ~15.865 . 7370 . 8825 L3243 . 9921
13 4,99 ~15,.786 . 3387 L2972 L1152 L5838
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TABLE A-VII. PROBE DATA, UPPER PLANE AT MIDSPAN
; 1 = " =
[ (4 “lreg eref 27 Hy0, xref -13)

ELADE TO BLADE TRAYERZIE MIDSFAN

UPFER FLANE

Foint  Loacvind Berta BoQlref Ps-Qiref Ft.Qleres RN )
RGP CER L F LR LR L FFFERCNCT R PP R P+ LR AN S AT NSRS TTFITRCLIsr S
1 -7.91 ~12.1¢ . 9898 -, 9412 . l8s@ T By
2 -6.91 -12.18 9743 -.8424 L1227 L2372
3 -5.90 ~12.14 1.0109 -.0472 .B39S 1.90%4
4 -4.93% -12.185 . 2344 -.60£0 . 1789 L3454
] -3.97 -12.14 1.8014 -.0438 . B35S 1.0006
8 -3.72 ~12.12 1.8043 -.0%04 . 99%S 332
7 -2,4¢ -12.15 . 2987 -.04S7 . 1388 3393
3 -3.23 ~-12.14 1,8032 -.0502 L1802 1.9017
) -2.97 -12.19 1.0088 -.04€8 L3920 1.2a23
19 -2.73 -12.18 1.8177 -.0511 LD 1.,39¢3
11 -2.49 -12.11 1.00898 -. 0494 L8225 1.9949
12 ~-2.23 -12.15 1.817S -.95109 L RASEQ 1.0887
13 -1.98 ~-12.18 1.8187 -. 8489 .8316 1,9097
14 -1.73 -12.1¢ .9326% -.83e8 <1043 . 3330
15 -1.49 ~12.13 . 8821 -. 8058 L2928 L9224
1e -1.2% -12.14 .S836 8122 24873 L3983
7 -1.99 -12.16 . 38432 -.08858 L1382 . 3491
13 -. 73 -12.14 . 9452 -.08331 L1427 L3727
19 -.50 -12.15 L9737 -.92¢€4 1204 . 92851
pod's) -.26 -12.13 35995 -.06388 .124@ . 284e8
21 -.92 -12.185 L9730 -. 0412 1281 . 3849
2z .23 -12.14 . 23898 -.84z21 1156 . 3902
23 .51 -12.1¢ «FETPE -.847S L1137 2332
24 rdc -12.14 . I97E -. 0448 . 1002 X
25 .93 -12.13 1.9144 -.9504 L8288 L3071
25 1.25 -12,11 1.000¢% -,0454 L0378 3033
27 1.49 -12.12 1.2481 ~. 3437 L8342 2349
=8 1.75 -12,158 1.8182 -.9%98 L3263 .Bars
o9 2.1 -12.19 1.9131 -.0484 .A35¢ 1.9082
30 2.2 -12.1¢2 LR8L3 -. 9373 .1182 1k
31 2.59 -12.13 LB7LE -.98%2 1326 L3324
32 2.79 -12.12 L8137 L3396 ies- L9031
23 3.08 -12.12 . 2349 -. 0091 L1823 7494
T4 3.25 -12.12 LIT34 -, 0409 1219 . 38S
3< .80 -12.15 L2%e3 -. 90483 Llaze CEEET
35 3.75 -12.14 L9394 -. 3459 L1189 EEET
37 4.91 -12.13 9371 -.9412 L1972 L9933
33 S.00 -12.12 . 3351 -.945% 1141 LS
39 6.903 -12.11 1.9323 -.04383 932§ 1.9917
49 7.92 -12.18 .9159 -.3129 . 1592 . 95e?
41 3.082 -12,15 « 99939 ~. 0477 . 1987 2903
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APPENDIX B

BLADE FORCE EVALUATION

B.1l Using Probe Survey Data and Momentum Conservation

The application of the principle of momentum conserva-
tion to a control volume enclosing a single blade results
in the following expressions for the components of force

acting on the blade [Ref. 12, Eq. 5 (33) and Eg. 5 (34)]:

S

R = m_V, - [ p,0hV, V,  dx + E B- (1)
tM s tl 0 2 a, t2

S

Ry = mg vV, - [ o, 8h V, ax + p; sh's B~ (2)
1 0 2
JS
- p~, Ah dx
o 2

It was assumed in the analysis that the flow was steady,
that the body forces were negligible, that the flow was uni-
form at the inlet station (subscript 1) and not necessarily
uniform at the ocutlet station (subscript 2), and that the
flow was two-dimensional over the constant depth Ah. 1In

Eq. B-(l) and Eg. B~(2);

RtM = component of force in the blade-to-blade
("tangential” direction, x)

RaM = component of force, normal to the cascade
face ("axial" direction, y)

P = gtatic pressure

0 = density
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tM

aM

mass flow rate through one blade space

component of velocity in the blade-to-blade
direction (x)

component of velocity in the axial direction
(y)

an element of length in the blade-to-blade
direction

the blade spacing
component of shear force in the blade-to-

blade direction acting on the control sur-
face at the downstream plane

It is argued by Vavra [Ref. 12] that for a symmetrical
wake, E will vanish and that in general E will be small and
may properly be neglected. In the present case the inlet
conditions are not strictly uniform and therefore an integra-
tion is also required over the inlet control surface. Using
Ah = 1, so that the equations are written for unit span,

Eq. B~(1) and Eg. B-(2) become, respectively;

)
o v, Vv, dx - [,V V,  d& B-(3)
0

t

2 2

fs 2 yS 2 d fs 4
0, V dx - o, V X + P X B-(4)
o L o0 2 3 o 1

Is
- p, 4dx
0 2

Each of the terms on the RHS of Eg. B-(3) and Eg. B-(4)
can be evaluated from the probe survey data obtained at the

midspan at lower and upper planes.
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B.2 Using Blade Surface Pressure Measurements

The force on the blade, excluding the component due to
shear stresses at the surface, can be obtained by integrating
the pressure distribution measured over the blade surface.

The resultant force per unit span, F can be written

BI
as
Fo o= ([ aF, = - [ p_s at B- (5)
B 2 B s
surface surface
where
de = resultant force on an element of area of
the blade surface
Py = static pressure on the blade surface
dg = element of distance along the surface
s = outward normal unit vector at the surface

In order to evaluate FB from measurements, it is con-
venient to first evaluate the components of FB in a blade
coordinate system, and from these deduce the components in

the "axial" and "tangential" directions.

Yn(1,)
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The blade coordinate system which was used and an ele-
mental surface distance are shown in the preceding sketch.

The components of the elemental blade force in the
coordinate directions X and y, are obtained by taking the

dot piroduce of d?B with the unit vectors (il) and (iz)

respectively:
i, + dF; = -p_(i;rs)dg = p_sint d¢ = pg dy,
i, - dFg = -p (i,-s)dg = =-p  cost df¢ = -pg dx,

Then, the components of the blade force Fx and Fy
o] n
are obtained by integration:

F = / p_ dy B~ (6)
Xe surface S n
F = - p_ dx B~(7)
yn surface S c

In practice the integration was performed in sections

so that dxc and dyc were always positive. Referring to the

preceding sketch.

Fy = | Pg dy, - IE Pg Ay, - Ag Pg d¥,

c AFE CD




The relationship of the force components (FX 'Fy ) in
c n

the blade coordinate frame (xc,yn) to the force components

(R ,Ra ) in the cascade coordinate system (xX,y) is shown

s 2
in the sketch. From the geometry

R = =(F cos y + Fx sin v) B-(8)
B n c

R = =(F sin y - F cos v) B-(9)
B yn xc

where y is the stagger angle.

B.3 Reduction to Force Coefficients

As reported by Duval [Ref. 4] all measurements are sub-
ject to some time dependence as a result of fluctuations in
supply conditions. To greatly reduce the effect of non-
constant supply conditions on data which must be integrated,

all terms are referenced to the plenum conditions recorded at
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the time of the individual measurement. This has the effect

of reducing all quantities to non-dimensional coefficients

which may then be compared.

The quantity %Dre V2 was used as a reference guantity

f ref
for measurements of pressure where and V were deter-
ref ref
mined from plenum conditions as described in Appendix D.

Since the stagnation temperature is taken to be constant

throughout,
1_c
1 2 2 2 -1 "p _
7 Pref Vref Piref Xregll = ¥pefl R B-(10)
where
Ptref plenum total pressure
Pref, v-1/1
X.oe =\~ =2 B~(11)
r tref
Pref wall static pressure at the lower

{inlet) plane

It is noted that X is a dimensionless velocity defined by

X = gL - v B~(12)
t V2 Cp Tt
where V is the local velocity, Vt = V2 Cp Tt is the "limiting"

veleocity and Tt is the stagnation temperature.

Using the perfect gas equation of state, the stagnation

density is given by

P
= £ B-(13)

e mn o et Lot At 1 b akmen < o e




so that the local density, p, can be written as

(1 - x4y /01

s = B-(14)

‘¢

The "axial" and "tangential" components of the velocity can

be written respectively as
v = V cos 8 B-(15)

and

<
(]

- V sin Bi B-(16)

where Bi is the air angle at inlet (i = 1) or outlet (i = 2)
defined in Fig. 1ll. Using the relations given in Eg. B~(10)-
Eq. B-(16), the blade force components RtM and RaM given by
the equations B~(3) and B-(4) can be written as force coeffi-

cients Cx and Cy given by

m M
Rtm
me = T 5 . B-(17)
2 Pref 'ref
Ra
— m -
Cym = T 5 S B-(18)
2 Qref ref
so that
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where (n) denotes spatial and (t)

+

)

P '
2 .S tl(n c) [Xl(ﬂrt)lz [l 'Xi(nrt)]l/(.{-l)
s (t) ‘X (t) 2
0 tref ref 1 —Xref(t)
-cos Bl(n)sin Bl(n)dx
4 '
, {S tz(n t)[xz(n,t)lz [l "Xf(n’t)]l/(y-l)
s .- P X (t) 2
0 tref ref 1 “Xref(t)
‘cos sl(n) sin 32(n) dx B=-(19)
fs Ptl(”'t) X (n,t) 2 1 -xf(n,t) 1/(Y=1)
[ 0 ]
P (t) X (t) 2
0 tref ref 1l —xref(t)

-coszil(n)dx

: P, (nr®) e 23 - X5 (n,t) 1/(-1)
< [ ]
5 P IS 3
0 tref ref 1 ‘Xref(t)
2
.COS Bl(n)dx
] P, (n,t)
éof P (£) X2 l(t) (1 -x% _(g))¥/0-bc o
tref ref ref 7?
s P.(n,t)
% o[ D (t) x* 2(t)[1 -x% _(g)1t/-Dc o
tref ref ref 7;
B-(20)

denotes possible time depend-

ence as described in Appendix D.

Similarly, blade force coefficients can be obtained trom

the surface pressure measurements using the relations
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X
— Cc -
Cxc = l 3 : B=~(21)
2 "ref 'ref
FY
cy = 7 “2 B~ (22)
n 3 Pref Vref S

if the surface pressure ceoefficient, Cs, is defined

as

p
- S
Cs = 2

0
N

Pref Vref

then, using Egq. B-(10),

p
_ s 1 "R
Cs = 717 Ry—l)(E;)

5 5 B-(23)
tref xref[l -xref]

Using Eqg. B-(23) with Eg. B-(21l), Eg. B-(22), Eq. B-(6a)

and Eg. B-(6b), these results follow:

1
o = = f c_dy. - [ c_dy. - [ c_dy
xc S AFE s C CDE S [ AB S (o}
+ c{a cg dy ] B-(24)
1
c = = [ c¢_dx_- [ c_ dx_] B-(25)
¥n SrFaBcp 5 ¢ rFED % €

Finally, defining

B-(26)




and

c = B B-(27)

ref Vref

using Eq. B-(8) and Eg. B=(9),

C = ={(C cos y + Cx sin v) B~(28)
B yn c

C = «(C sin - C oS B-(29
Vg ( v, Y x c r) (29)

B.4 Data Reduction

All integrals were evaluated using a general integration
subroutine. The subroutine FNInteg on the Hewlett-Packard
System 45 {Ref. 7] carries out the integration using a suc-

cession of overlapping quadratic curves through the individual

data points.

The values of Cx and C (components of the blade force
M M
coefficient based on momentum balance) were obtained from the

prove survey data using Eq. B-(19) and Eg. B-(20).
The procedure to evaluate Cx and Cy (components of the

B B
blade force coefficient based on blade surface pressure

measurements) was as follows:
i) The value of Cs at each pressure tap was calcu-
lated using Eq. B-(23).
ii) C and C_ were calculated using Eqg. B-(24) and

c Yn
Eg. B~(25) respectively.
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S

iii) ¢C and C were calculated using Eg. B-(28) and

*p ¥
Eq. B-(29) respectively.

T

194




APPENDIX C

LOSS COEFFICIENT EVALUATION

C.1 Analysis

The total pressure loss coefficient w is defined in
Ref. 1 as the ratio of the "mass averaged loss in total
pressure," 3P, across the blade row from inlet to outlet to
some reference inlet dynamic pressure, (Ptl - Pl)ref which

is expected to be uniform. When the inlet conditions are

not strictly uniform it is necessary to mass average the inlet

and exit measurements separately, and to define the loss

coefficient as

o = 1 2 Cc-(1)

where the bars denote mass-averaged quantities, Py and Py

are inlet total and static pressures respectively, and 12

is the total pressure at the outlet plane. 2
Since the individual pressure measurements can depend

somewhat on time (t) as well as position(n) as a result of

small variations in supply conditions, i.e., Pt(n,t) and
P(n,t), they are referred to plenum pressure at the time of

measurement, (t) .

Pplen
Hence the pressure coefficients

Pt(n,t)
C (n) = ——————— C-(Z)
pt Pplen(t)

bl A b o
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S canenill

and

P(n,t)

Pplen(t)

Cp(n) = C~(3)
are expected to depend only on position in the survey.

In calculating the mass averaged conditions at the inlet
and outlet planes, it must be remembered that the mass flux
on the midspan centerline at the inlet plane is different
from the mass flux on the midspan centerline at the outlet
plane. The ratio of the two mass fluxes is the value of the
AVDR which is a measure of the centerline stream surface
contraction.

If m(n,t) is the local mass flux and mref(t) is a
reference mass flux based on plenum supply conditions, the

ratio

m(n,t)

k(n) = ﬁ-;-;—er C=-(4)

is expected to depend on position only. We can then express

the mass averaged total pressure coefficient as

s
/ € (n) k(n) dn
_ 0 Pe c=(5)
N s
[ Xk(n) dn
0

c
Py

and the mass averaged static pressure coefficient as
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S
f C. M) k(n dn
- 0 p
C = C-(6)

P S
f k(n dan
0

The loss coefficient expressed by Eq. C~(l) is equiva-

lent to the loss coefficient expressed hy

o = C-(7)

when conditions do not depend on time. In practice, the
effect of fluctuations in the supply conditions are reduced
or removed if the loss coefficient is evaluated using the
definition in Eq. C-(7).

Expanding Eq. C-(7) using Eq. C~(5) and Eg. C-(6), the

loss coefficient becomes

S S
[ ¢ k, dn [ ¢ k., dn
P 1 p 2
0 t; o t,
S S
[ %y dn [k, dn
- _ 0 0 _
= [s ]s C-(8)
o k, dn c. k, dn
0 Py 1 0 Py 1 *
s - s ;
of k, dn o[ ky dn |

Re-arranging,




s
s s 0] kl dn
Oj c:pt k) dn-oj cpt ky dnl— ]
1 2 J k, a@n
5 = 0 c-(9)
;° ;©
o k, dn - o k, dn
o0 Pe t o0 P11
and following Appendix D, Egq. D~(8),
s
f k2 dn
0
AVDR = s ’
OI k, dn
so that
s 1 s
0[ Cpt kl dn - AVDR 0; Cpt k2 dn
- 1 2
w = 3 3 Cc-(10)
j c k, &n = [ C_ k, dn
o0 Pa 1 o0 P 1

C.2 Data Reduction

From recorded data, at each point in each survey k(n)

was calculated using Eg. D-(1l5)

were calculated using Eq. C-(2) and Eg. C-(3)

(and

and C
t
respectively,

. D=(5)), C
Eq (3)) D

the AVDR was obtained according to Appendix D and the loss

coefficient was calculated using Eg. C-(10).
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APPENDIX D

CALCULATION OF THE AXIAL VELOCITY-DENSITY RATIO (AVDR)
(By D.A. Duval; Reproduced without change from Ref. 4.)

Continuity requires that:

Ofs Hl py Vy cos 8, dn = ofs HZ 0, V, cos 82 dn  D-(1)
where
py = density
Vi = velocity
B, = air inlet angle
By = air outlet angle
Hi = spanwise streamtube depth
s = blade spacing

n = blade~to~blade dimension, normal to axial
direction,
and subscripts 1 and 2 refer to the test cascade inlet and
outlet respectively.

As air passes through the cascade, boundary layers build

up along the side walls, contracting the streamtube in the
spanwige direction. As a measure of the two-~dimensionality

of the flow, the AVDR is the ratio of the equivalent depths
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of the streamtube at inlet and outlet. The equivalent
streamtube depth, hi’ replaces Hi and is taken to be con-

stant over the n dimension:

s
f fy V2 cos 32 dn
avoR = = = & D-(2)
2
0[ py V) cos 8, dn

In practice, uncommanded variations in blower speed may
be experienced during the time required to survey the flow.
As a result, the total mass flow rate in the wind tunnel is
not exactly constant. Measurements, therefore, actually have
a weak (and undesirable) time dependence. Egquation D-{2)
assumes all measurements are taken at the same moment in

time. More precisely,

S
f oz(nto) Vz(n,to) cos SZ(n,to) dn

AVDR = O - D-(3)

J eyt Vv (n,g,) cos 3 (n,t]) dn

Since no means exists to take all measurements at once,
the time dependence of these terms must be removed in some
other manner.

In Equation D-(3), each integrand has the dimensions
(velocity, density). Giving the integrands the symbol m. .

we have:
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' kit .-

]

AVDR = s D-(4)

f my(n,tl) dn

0

Now, assume a function, m_ogs Can be found, with dimen-~

sions (velocity, density), such that:

mi(n,t)

f£.(n,t) ————e
i mref(t)

ki(n) D-(5)

where ki is not a function of time (that is, it is not de-

pendent on tunnel air supply conditions). Furthermore,

S
OI m,(n,t.) dn

{ ]
m (t ) m (t )
AVDR = AVDR(EEEETEQT) = Sref o D-(6)
ret o OI m, (n,t) dn
[ ]
mref(to)

Since m is not a function of n, it may be taken inside

ref
the integral, so that

“"'—T—yd“
AVDR = 2 Tref Co D-(7)
s ml(n,t )

ey 9n

0 ref ' o

Now consider the integrand in the numerator. By equation

D~(5), the integrand is not a function of time as long as m,
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and mref are measured at the same time, to. In practice,

where discrete measurements are taken and a numerical inte-

gration is performed, it is required only that m, and Moo

be measured at the same time for the same data point. 1In

g this way, m2 and mref may vary with time, but their ratio
l (k2) remains a function of n only.

Applying the same argument to the integrand in the
denominator in equation D-(7), it can be seen that this
integrand is kl(n). Furthermore, there is no requirement
that both numerator and denominator integrands be measured

at the same time, since each is, independently, a function

of n only. Therefore:

s
[ ky(n) dn

AVDR = °s D-(8)

/ ky(n) dn
0 1

) In this manner, the time dependence of the measured

"velocity~densities" can be eliminated.

f One way to generate such a "reference velocity-density"

is to establish a reference velocity which, when multiplied

together, form a gquantity which satisfies equation D=~ (5).
We now also assume Bl and 82 are not time dependent. This
is justified by the assumption that small changes in inlet

dynamic pressure will have little effect on the air angles.

Then,
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2hb = L St At At S e i "

S p5(n,t ) V,o(n,t )
(22« (g3 cos 3, () dn
AVDR = 2 "ref "o ref o
S ol(n,tl)) (Vl(n,t )) 2 (m) 4
( . cos n n
0 oref(tl) vref(tl) 1 !

where subscripts on t indicate which measurements
taken simultaneously.
Subject to the assumptions that
1. The air acts as a perfect gas,
2. The specific heats are constant, and
3. The total temperature is a function of time

{not of position in the wind tunnel),

D-(9)

must be

only

the following gas dynamic relationships can be used to express

the integrands:

(1 - X2]l/v-l

o = oy
-
t RTt
v = XV = XyY2 ¢_ T
t p 't

D-(10)

D-(11)

D-(12)

where subscript t refers to "total" quantities, and

V., = ¥Y2¢ T, is the "limiting" velocity. Then,

t pt

P 2.1/y-1,, m———em
v = (ﬁi':) {1 -~ X7} (Xv2 Cp Tt)
p. X _q Y2 ¢
I S PR IR VAT -
Te
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D-(13)

D-(14)
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so that, at each data point, the integrand can be written

as
p, (n,t)
t. _1\vY2¢
S S, xi(n,t)[l -xi(n,tﬂl/o{l) —§R cos Bi(n)
mi(n,t) /Ttit)
m_-{t) ~ p £3) T
ref ef R
/Tt(t)
D=(15)
or,
p, (n,t.) _ g2
mi(n.t.) _ L, b x (n,t ) 1 Xl(n t ) 1/ (y~1)
= £ ( (t >)( (t ))[ > ] cosB (n)
ref'"j Py 1-% (t.)
ref ref' 73
D-(186)
so that, finallg,
s Pe, (M%) e 1-x2(nt) 1GeD
[« =7 % (t))[ 3 ] cos 3,(n)dn
0 ptref fo} ref 1 -Xref(t )
AVDR =
js Pe, (M08 X (n,tg )) 1-x3(n,t, )]l/(Y-l) a
( )( cosB. (n)dn
P (gy) (£;) Z 1
0 tref ref 1 - ref(tl)
D~(17)

The final assumption is that the plenum pressure satisfies the

, and that the conditions imposed
ref

conditions imposed on Pt

on xref can be satisfied by the gquantity
Pref , (v-1)/
X = /1 - (EE2H R D-(18)
ref pt
ref
where p is the lower wall static pressure.

ref
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No testing was done to examine these last two assumptions,

Consequently, it is possible that, in analyzing the data in
this way, the time dependence of the measurements was only
approximately, and not entirely, eliminated. Elimination
of the time dependence would require the measurement of
reference quantities which satisfy equation D=-(5) exactly.
The Xi were calculated by application of the survey probe
calibration. The P and Bi were measured directly by the
probe. The AVDR waslcalculated by numerical integration

of equation D-(17).
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